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We have shown that draxin is a repulsive axon guidance molecule for a variety of neuron classes and
that genetic deletion of draxin in mice results in the absence of all forebrain commissures. Moreover, we
also identiﬁed a secreted molecule, Tsukushi (TSK), that belongs to the small leucine-rich proteoglycan
family (SLRP) and inhibits signaling molecules, such as BMP and Wnt. TSK knockout mice show
malformation of the corpus callosum (CC) and agenesis of the anterior commissure (AC), suggesting the
importance of TSK function in forebrain commissure formation. There is a possibility that the combined
function of these two proteins is essential for the formation of these commissures. In this study, we
investigate this possibility by generating draxin/TSK doubly heterozygous mice and comparing their
forebrain commissure phenotypes with those of singly heterozygous mice. We found that, although
draxin and TSK did not interact directly, their genetic interaction was evident from the signiﬁcantly
higher prevalence of CC malformation and agenesis of the AC in the draxin/TSK doubly heterozygous
mice. Importantly, in this study, we demonstrated a new function of TSK in guiding anterior olfactory
neuronal (AON) and cortical axons. TSK bound to and provided growth inhibitory signals dose-
dependently to AON and cortical axons in outgrowth assay. TSK also induced growth cone collapse
when applied acutely to these cultured neurons. Furthermore, TSK and draxin had additive effects in
inhibiting cortical and AON neurite outgrowth. Thus, based on a combination of genetic analyses and
in vitro experiments, we propose that the combined guidance activities of draxin and TSK regulate
forebrain commissure formation.
& 2012 Elsevier Inc. All rights reserved.Introduction
The precise functioning of the mammalian central nervous
system crucially depends on the proper wiring of neural circuits.
Inter-hemispheric cross-talk through the commissures is a critical
event for proper development and function of the vertebrate
forebrain (Che´dotal, 2011; Cummings et al., 1997; Izzi and
Charron, 2011; Pires-Neto and Lent, 1993; Unni et al., 2012).
In mice, formation of the CC axonal tract starts with the projec-
tion of pioneer axons of pyramidal neurons from the cingulate
cortex. These axons ﬁrst cross the midline at E15.5, paving the
way for the later-arriving neocortical axons to follow and form a
fascicle. En route to the midline, callosal axons encounter a
specialized, wedge-shaped glial structure, called the glial wedgell rights reserved.
ental Neurobiology, Faculty
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anaka).(GW), located at the medial aspect of the lateral ventricle (Shu
and Richards, 2001) directly underlying the CC axonal decision
point and the indusium griseum (IG), an area of neurons and glia
positioned dorsal to the CC (Donahoo and Richards, 2009).
Guidance cues, including members of the Slit, Semaphorin, Wnt
and Ephrin families, as well as draxin, are expressed in the GW
and the IG and have been implicated in regulating CC guidance.
After crossing the midline, CC axons take a dorsal turn and grow
into the contralateral hemisphere toward their designated target
(Richards et al., 2004). Again, during forebrain development, the
anterior and posterior parts of the anterior commissure (ACa and
ACp, respectively) progress in the same dorsoventral plane and
approach a common fascicle for midline crossing. The synchro-
nized combinatorial effects of selective attractive and repulsive
guidance cues are required for the proper navigation and posi-
tioning of the ACa and ACp as evidenced by the phenotypes of
mouse mutants lacking the cues of the ephrin, netrin, or sema-
phorin families or their receptors; these phenotypes range from
axon defasciculation and aberrant dorsoventral trajectories to the
M. Hossain et al. / Developmental Biology 374 (2013) 58–70 59absence of one or both limbs of the AC (Henkemeyer et al., 1996;
Seraﬁni et al., 1996; Fazeli et al., 1997; Chen et al., 2000; Giger
et al., 2000; Kullander et al., 2001; Sahay et al., 2003; Julien et al.,
2005; Suto et al., 2005).
We recently reported the identiﬁcation of a chemorepulsive
axon guidance molecule, draxin that shares no sequence homol-
ogy with other known guidance molecules. In vitro draxin
inhibited or repelled chicken spinal cord commissural, tectal,
mouse cortical and olfactory bulb axonal outgrowth (Islam
et al., 2009; Naser et al., 2009; Ahmed et al., 2010). The netrin
receptor, DCC (deleted in colorectal cancer) partially mediated
draxin outgrowth-inhibiting signaling in cortical and olfactory
bulb axons (Ahmed et al., 2011). Mice with mutations in draxin
showed mild guidance defects in certain axons and a dramatic
loss of all forebrain commissures (Islam et al., 2009). Additionally,
we previously documented the discovery of the TSK protein,
which belongs to the small leucine-rich proteoglycan family
(SLRP) (Schaefer and Iozzo, 2008). We showed that TSK is an
extracellular modulator of the TGF-b, Notch, FGF and Wnt
signaling cascades by binding to and inhibiting the activity of
these signaling molecules during early embryonic development in
the chick and frog (Ohta et al., 2004, 2006, 2011; Kuriyama et al.,
2006; Morris et al., 2007). Genetic deletion of TSK causes mal-
formation of the CC and agenesis of the AC (Ito et al., 2010) and
affects hair cycle (Niimori et al., 2012).
Because both draxin and TSK single mutant mice converge into
common phenotypes—malformation of the CC and agenesis of
the AC—we were interested in observing whether these two
molecules interact genetically to form the CC and AC. In this
study, we generated draxin/TSK doubly heterozygous mice and
compared the AC and CC phenotypes of doubly and singly
heterozygous mice. Compared with single heterozygotes, draxin/
TSK double heterozygotes showed higher frequencies of AC and
CC malformation. We also investigated whether TSK has guidance
activity for AON and cortical neurons; surprisingly, our results
provide the ﬁrst evidence that TSK has axon guidance activity and
inhibits AON and cortical neurite outgrowth in vitro. In addition,
TSK and draxin have additive effects in reducing neurite out-
growth. In summary, these observations establish the contribu-
tion of draxin and TSK function to forebrain commissure
formation.Materials and methods
Mice
Both draxin and TSK mutant mice were maintained in a mixed
C57BL/6-CBA background (Islam et al., 2009; Ohta et al., 2011).
Mice homozygous for draxin or TSK were crossed to obtain doubly
heterozygous mutant mice. The procedure to generate both draxin
and TSK knockout mice has been described previously (Islam
et al., 2009; Ito et al., 2010). Stage-speciﬁc wild-type embryos
were used for in vitro culture experiments. The day of the
appearance of the vaginal plug was designated as embryonic
day 0.5 (E0.5). All mice were handled according to guidelines
approved by the Committee on Animal Research at the University
of Kumamoto.
b-gaL staining and histological analyses
To determine the mRNA expression patterns of draxin and TSK
at E13.5, E18.5, P0 and P1, b-gal staining was performed on 25 mm
horizontal or coronal cryostat sections and 50 mm horizontal
vibratome sections according to the standard protocol (Nagy
et al., 2003). Section immunohistochemistry was performedfollowing a protocol previously described in detail (Okafuji and
Tanaka, 2005). The following primary antibodies were used for
immunostaining: rat anti-L1, 1:5000 (Chemicon, USA) and rabbit
anti-b-gal, 1:10000 (CAPEL, USA).
DiI labeling
To trace the AC axonal tract, a 10% solution of 1,10-dioctadecyl-
3,3,30,30-tetramethylindocarbocyanine perchlorate (DiI) (D3911,
Molecular Probes) in dimethylformamide (Sigma) was injected into
the olfactory bulb at P6, and the pups were perfused at P8. The
brains were ﬁxed overnight in 4% PFA at 4 1C and horizontal
sections of the brains (150 mm thickness) were cut on a vibratome.
The sections were counterstained with a 10 mg/ml solution of
Hoechst 33342 (H21492, Molecular Probes).
Preparation of conditioned medium
The cDNAs encoding chick draxin-AP, mouse TSK-Myc-His,
mouse TSK-Flag, chick FGF1-Flag, DCC-ecto-Myc-His, DCC-Fc,
chick TSK-AP and an empty AP tag vector (Islam et al., 2009)
were transfected into 293T cells using Lipofectamine-2000 (Invi-
trogen), conditioned for 5 days and concentrated using an Amicon
Ultra centrifugal device (Millipore). Protein production was
assessed by western blot using an anti-draxin antibody for draxin
and an anti-Myc antibody for TSK.
Immunoprecipitation assay
Different combinations of concentrated draxin-AP, TSK-Myc-
His, TSK-Flag, DCC-Fc and DCC-ecto-Myc-His fusion protein CM,
puriﬁed netrin-His (R&D Systems) were mixed together and
incubated with anti-Myc (9E10) in IP buffer (150 mM NaCl,
20 mM Tris–HCl, pH 7.5, 1.5 mM CaCl2, 1.5 mMMgCl2, 0.1% Triton
X-100, 0.1% CHAPS, 5% glycerol, and 0.1% BSA) at 4 1C for 12 h, and
complexes were retained and washed extensively on either
protein G-Sepharose beads (GE Healthcare) or Probond resin
(Invitrogen). The immunoprecipitated/pull downed proteins was
separated by 7.5% SDS-PAGE and detected by western blot using
either a mouse monoclonal anti-chicken draxin antibody (Ahmed
et al., 2011) or anti-Flag antibody (Sigma). As a negative control,
draxin-AP or TSK-Flag was mixed with Sepharose beads; or TSK-
Flag was mixed with Probond resins.
In situ hybridization
Standard protocols were used for in situ hybridization with a
digoxigenin-labeled antisense RNA probe, as previously described
(Islam et al., 2009; Ohta et al., 2011). Embryos were dissected in
diethyl pyrocarbonate (DEPC) treated phosphate buffered saline
(pH 7.0) and ﬁxed in 4% Paraformaldehyde in PBS at 4 1C over-
night. For section in situ hybridization, ﬁxed embryos were
cryoprotected by immersion in 20% sucrose in PBS and embedded
in OCT compound (Sakura Fine Technical Co. Ltd, Tokyo, Japan).
Sixteen micrometer thick sections were cut on a cryostat and
mounted on silanized glass slides (DAKO Cytomation). In situ
hybridization was performed using our previous method with a
little modiﬁcation (Naser et al., 2009). Brieﬂy, sections were treated
with 10 mg/ml proteinase K and permeabilized with 1% Triton X-100
and then incubated with herring sperm DNA. Hybridization was
performed overnight at 65 1C with 400 ng/ml probe in prehybridiza-
tion solution. After hybridization, sections were washed in 0.2 SSC
at the hybridization temperature followed by blocking reagent
treatment (Roche). For immunochemical detection, alkaline phos-
phatase (AP)-conjugated anti-DIG Fab fragment (Roche) diluted
1:5000 in blocking reagent and incubated for 5 h at room
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337.5 mg/ml r-nitroblue tetrazolium (NBT) and 175 mg/ml 5-bromo-
4-chloro-3-indolylphosphate (BCIP) in AP buffer solution [0.1 M
Tris–HCl (pH 9.5), 0.1 M NaCl, 50 mM MgCl2, 0.001% Triton-X 100,
50 mg/ml polyvinyl alcohol] overnight at 4 1C in the dark. Slides
were washed and dried overnight, dehydrated in a graded series of
ethanol and xylene, and then mounted.
Explant cultures
Explants from E16.5 cortex were dissected as described pre-
viously (Shu and Richards, 2001) and cultured in collagen gels for
48 h in the presence of either TSK conditioned medium (CM) or
control CM mixed with neurobasal medium (Invitrogen) supple-
mented with B27 (Invitrogen), glutamax-I, and penicillin/Fig. 1. CC and AC formation are severely affected in draxin/TSK doubly heterozygous
horizontal sections of P1 mice (A–I). A, D and G are normal mice. B, E and H represent th
well connected but slightly disorganized (arrow in B). In the weak AC phenotype, a very
strong CC and AC phenotypes, respectively. For the CC, the strong phenotype was deﬁn
hemispheres (arrow in C). The strong phenotype in the AC was deﬁned as the absence o
anterior parts of the AC (ACa). Misprojection or stopped of ACa was indicated by arro
heterozygous mice, and the labeled AC axons were observed horizontally at P8. In the no
the AC axons are misrouted dorsally after reaching the midline area (arrow) (K). In str
(arrow). The scale bars indicate 500 mm.streptomycin (Invitrogen). After 48 h of culture, the TSK CM was
removed, and fresh neurobasal medium with supplements was
added and cultured for 48 h at 37 1C in a 5% CO2 incubator. At
least, ﬁve independent experiments were performed where four
to six explants were used in each experiment. Photographs were
taken using an inverted microscope (Model Eclipse E600, Nikon).
For co-culture experiments, mouse draxin cDNA or control
vector was transfected into COS7 cells using Lipofectamine 2000
(Gibco BRL). Forty-eight hours later, cell pellets containing 1000–
2000 cells were generated by hanging drop cultures (Ohta et al.,
1999). Explants and cell aggregates were embedded in rat-tail
collagen and placed at a distance of 200–300 mm from each other
and cultured in above-mentioned culture medium. Five indepen-
dent experiments were performed where at least four explants
were used in each experiment. Neurites were visualized bymice. CCs and ACs immunostained with an antibody against L1 in coronal and
e weak CC and AC phenotypes, respectively. In the weak CC phenotype, the CC was
thin AC can be observed (arrowhead in B and arrow in E and H). C, F, and I shows
ed as being severely misprojected with no connection of the CC between the two
f an AC in the midline (F and I). The arrowhead in C indicates defasciculation in the
wheads (I). DiI was injected into the P6 olfactory bulbs (n) of singly and doubly
rmal case, the AC axons cross the midline (J), whereas in the weakly affected cases,
ongly affected cases (L), AC axons were misprojected laterally from the beginning
Table 1
Frequencies of CC and AC phenotypes in singly and doubly heterozygous and
homozygous mice.
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body (R&D systems, USA).
Growth cone collapse and neurite outgrowth assays
AON and cortical neurons from E16.5 mouse embryos were
dissociated by trypsinization as described previously (Hata et al.,
2006) and seeded at low density (30,000 cells/4-well dish) in
4-well dishes containing coverslips coated with poly-L-lysine
(100 mg/ml).
For the neurite outgrowth assays, AON and cortical neurons
were cultured in neurobasal medium (B27, glutamax-I, penicillin/
streptomycin) with the desired concentration of draxin and TSK
conditioned medium for 40 to 48 h at 37 1C in a 5% CO2 incubator.
Later, neurons were brieﬂy ﬁxed and stained with an anti-neuron-
speciﬁc b-tubulin (Tuj1) antibody (R&D systems, USA). We
quantiﬁed the length of the longest neurite from two individual
neurons within a randomly selected ﬁeld using the ImageJ soft-
ware. Data were collected from ﬁve independent experiments and
are expressed as means7SEM. In each independent experiment,
at least 20 ﬁelds were counted per group.
For the growth cone collapse experiment, AON neurons were
seeded at a low density in 4-well dishes containing coverslips
coated with poly-L-lysine (100 mg/ml) and laminin (20 mg/ml) and
cultured in neurobasal medium. Sixty hours after seeding, the
neurons were incubated with TSK CM and control medium alone
for 1 h at 37 1C in a 5% CO2 incubator to induce collapse. The
cultures were later ﬁxed in 4% paraformaldehyde/10% sucrose for
1 h. After the well was washed with PBS, the growth cones were
stained with phalloidin-Alexa 568 (Invitrogen) diluted in PBS and
0.3% Triton X-100, and images were acquired on a microscope
(Model Eclipse E600, Nikon) to score the collapse. To calculate the
percentage of the collapse, the number of collapsed growth cones
was divided by the total number of growth cones. Data were
collected from ﬁve independent experiments and are expressed as
means7SEM. In each independent experiment, at least 50 neurons
were counted per group.
AP binding assay
AON and cortical explants were dissected at E16.5 as described
above and cultured in poly-L-lysine and laminin coated 4-well
dishes in the presence of supplemented neurobasal medium for
48 h at 37 1C in a 5% CO2 incubator. TSK-AP and control-AP
binding to neurites was performed as previously described
(Islam et al., 2009). Five independent experiments were per-
formed using at least 4 to 5 explants in each experiment.
Quantiﬁcation of AP binding was measured using Keyence Bior-
evo BZ-9000 software. In brief, color images were converted into
negative images. Then measure the staining intensity of the axons
was compared to the closest background intensity. Staining
intensity of the axon was divided by the closest background
intensity to obtain AP binding ratio.Genotype (n) Normal n (%) Weak n (%) Strong n (%)
draxin þ/ (13) CC 12 (92) 1 (8) 0 (0)
AC 11 (84) 1 (8) 1 (8)
TSK þ/ (13) CC 13 (100) 0 (0) 0 (0)
AC 13 (100) 0 (0) 0 (0)
draxin þ/ CC 17 (65) 2 (8) 7 (27)
TSK þ/ (26) AC 3 (12) 7 (27) 16 (61)
draxin / (5) CC 1 (20) 2 (40) 2 (40)
AC 0 (0) 2 (40) 3 (60)
TSK / (5) CC 5 (100) 0 (0) 0 (0)
AC 0 (0) 4 (80) 1 (20)
draxin / CC 0 (0) 3 (60) 2 (40)
TSK / (5) AC 0 (0) 0 (0) 5 (100)Results
CC and AC formation in draxin/TSK doubly heterozygous mice is
severely affected
Draxin or TSK single knockout mice show severe and common
defects, i.e., the misprojection of the CC and AC (Islam et al., 2009,
Ito et al., 2010). To determine whether there is a genetic interac-
tion between these two molecules, we crossed draxin and TSK
singly heterozygous mice and generated offspring with the
following ﬁve genotypes: draxinþ /þTSKþ /þ (WT); draxinþ /TSKþ /þ; draxinþ /TSKþ /; draxinþ /þ TSKþ / and draxin/
TSK/ . First, we compared all three forebrain commissure
phenotypes in postnatal mice with the draxinþ /TSKþ /þ ,
draxinþ / TSK þ / , and draxinþ /þ TSK þ / genotypes. We
performed L1 immunostaining and observed notable differences
in the severity of CC and AC defects between singly and doubly
heterozygous mice (Fig. 1). We classiﬁed the phenotypes into two
categories depending on the severity of CC and AC defects. In the
strong phenotype group of mice, the CC axons were not con-
nected. Instead, they completely misprojected (Fig. 1C, arrow),
and the ACp was completely missing at the midline (Fig. 1F and I).
Mice in the weak group showed slightly disorganized bundles of
axons in the CC (Fig. 1B, arrow) and a very thin ACp crossing the
midline (Fig. 1E and H, arrow). Although the frequencies of the
strong AC phenotype in the draxin and the TSK singly hetero-
zygous mice were 8% and 0%, respectively, the strong CC pheno-
type was not observed in any of these singly heterozygous mice
(Table 1). In contrast, compared with the singly heterozygous
mice, draxin/TSK doubly heterozygous mice showed a markedly
higher (CC¼27% and AC¼61%) frequency of the strong phenotype
(Table 1). The frequencies of the weak CC and AC phenotypes
observed in draxin and TSK singly heterozygous mice were 8% and
0%, respectively, whereas doubly heterozygous draxin/TSK mice
showed notably higher (CC¼8% and AC¼27%) frequencies
(Table 1). We also observed thin and defasciculated ACa’s (arrow-
head in Fig. 1B and C). Furthermore, we observed ACp was also
misguided in the doubly heterozygous draxin/TSKmice. Moreover,
we investigated doubly homozygous mice (n¼5) and found much
higher frequency of AC defect compared with either singly
homozygous draxin (n¼5) or TSK mice (n¼5). Whereas all doubly
homozygous mice showed strong AC defect, only 60% and 20% of
singly homozygous draxin and TSK mice, respectively displayed
strong phenotype (Table 1).
Next, to assess the defects in the ACa clearly, we examined the
DiI labeling (n¼9) and observed remarkable differences in the AC
axonal projection of the doubly heterozygous, but not the singly
heterozygous mice. Depending on the misrouted pattern, we
classiﬁed the phenotype into two categories. In the strongly
affected case, the ACa axons were misprojected laterally from
their beginning (Fig. 1L, arrow). In weakly affected cases, ACa
axons were misrouted dorsally after nearly reaching the midline
area (Fig. 1K, arrow). Fifty six percent of DiI labeled mice showed
a strong phenotype whereas 33% mice showed weak phenotype.
Our DiI labeling data illustrated that the AC axons grew normally
out of the AON in both singly and doubly heterozygous mice;
these axons later misprojected in the doubly heterozygous mice.
These data indicated that the AONs were not affected in either the
singly or the doubly heterozygous mice. It appeared that the
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axon pathﬁnding errors rather than by the damage or death of
neurons projecting toward the commissure. Overall, these dataFig. 2. TSK does not interact directly with draxin or DCC, but with netrin. (A). Conditio
TSK CM or with the extracellular domain of DCC CM (both tagged with Myc), and IP was
by TSK. (B). CM of TSK (Flag tagged) was mixed with DCC-Fc CM, and pull down assay
TSK and DCC. (C). TSK-Flag CM was mixed with or without Netrin-His, and pull down
was clearly observed. As a negative control, an unrelated protein, FGF1-Flag CM was m
FGF1 and netrin.indicated that the severe AC defects in doubly heterozygous mice
might be due to the genetic interaction of the draxin and
TSK genes.ned medium (CM) of draxin (alkaline phosphatase-tagged) was mixed either with
performed using an anti-Myc antibody. Draxin was co-precipitated by DCC but not
was done using Protein G-Sepharose beads. No interaction was observed between
assay was performed using Probond resins; speciﬁc interaction of TSK with netrin
ixed with or without Netrin-His and no speciﬁc interaction was observed between
Fig. 3. Both draxin and TSK mRNA are expressed in the strategic region of the AC
and CC axons. Expression of draxin and TSK in horizontal sections of the AON
region and cortex of draxin and TSK singly heterozygous E13.5 embryonic mouse
brains (A–D). Expression of draxin and TSK was observed in the glial wedge
(arrows in E, F, E0 and F0), Midline zipper glia (E, E00 , F and F00) and indusium
griseum (arrowheads in E, F; E0 00 and F0 00) of coronal sections of draxin and TSK
singly heterozygous mouse brains (E–F). Horizontal sections of P1 draxin and TSK
singly heterozygous mouse brains were processed for double anti-b-gal (red) and
anti-L1 (green) immunohistochemistry (G–H). Both draxin and TSK mRNA were
expressed in the AON region, and strong, punctate expression was observed in the
area surrounding AC axons, but not on the axons. Higher magniﬁcation of the
areas in white squares in G and H (0 , 00) are represented in G0 , G00 and H0 , H00 ,
respectively. Scale bars¼300 mm in A, B, E, F; 600 mm in C–D, 900 mm in G–H,
100 mm in E0–F0 00 , 150 mm in G0–H00 .
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Because we observed severe commissure defects in the draxin/TSK
doubly heterozygous mice, we next investigated whether the draxin
and TSK proteins interact directly. To address this issue, we performed
immunoprecipitation (IP) assays using draxin-AP and TSK-Myc-His.
We used Myc-tagged soluble DCC ectodomain as a positive control.
Draxin-AP was speciﬁcally immunoprecipitated by the DCC ectodo-
main and not by TSK-Myc (Fig. 2A). These data showed that there is
no biochemical interaction between draxin and TSK. Next, we
investigated whether TSK interacts with draxin receptor, DCC. To
clarify this matter, we performed pull down assays using TSK-Flag and
DCC-Fc; but we didn’t observe any interaction between these two
molecules (Fig. 2B). As both netrin and draxin are the ligands of DCC,
there is a possibility that TSK might interact with netrin. To address
this issue, we performed pull down assay using TSK-Flag and netrin-
His. Interestingly, we found that TSK was speciﬁcally pulled down by
the netrin whereas FGF1was not, suggesting that the binding between
TSK and netrin is speciﬁc (Fig. 2C). Taken together, these data indicate
that TSK interacts with neither draxin nor DCC but with netrin.
Expression of draxin and TSK mRNA Is observed in the strategic
region of AC and CC axons
The key molecules and their receptors that regulate CC and AC
formation are expressed in the neocortex, GW, IG, AON and/or
piriform cortex (Lindwall et al., 2007). Because we observed
malformation of the CC and agenesis of the AC in draxin/TSK
doubly heterozygous mice, we investigated the expression of both
draxin and TSK at speciﬁc developmental stages. We investigated
the mRNA expression pattern of both draxin and TSK in singly
heterozygous mice at different stages between E13.5 and P1.
Between these stages, the AC and CC develop to form their
complete trajectories. We examined the expression of draxin
and TSK using b-galactosidase enzymatic reactions and immu-
nostaining (Islam et al., 2009; Ito et al., 2010). Moreover, draxin
and TSK expression pattern inferred from these b-galactosidase
staining follows precisely the pattern of both transcripts detected
by in situ hybridization (Zhang et al., 2010; Fig. S1). We observed
strong expression of both draxin and TSK in the olfactory bulb,
AON, neocortex and piriform cortex at E13.5 (Fig. 3A–D). More-
over, both draxin and TSK are expressed in the GW (arrow in
Fig. 3E, F, E0 and F0), Midline zipper glia (Fig. 3E, E00, F and F00) and
IG (arrowhead in Fig. 3E, F, 3E00 0 and F00 0). Next, we sought to
determine whether TSK and draxin expression are observed in the
AC. Accordingly, we performed double immunostaining with
antibodies against L1 and b-galactosidase on the horizontal
sections of P1 singly heterozygous mice. We observed strong,
spot-like expression of both draxin and TSK mRNA in the AON,
anterior and posterior piriform cortex, olfactory bulb (Fig. 3G, G00,
H and H00) and area surrounding the AC (Fig. 3G, G0, H and H0)
including midline of AC (arrowhead in Fig. 3G, H and Fig. S1A–C),
around the entorhinal cortex (n in Fig. 3G and H) and the stria
terminalis (nnFig. 3G and H) but not on AC axons. Moreover, we
also investigated TSK and draxin expression in the midline of AC
in the doubly heterozygous mice. We observed similar expression
pattern of both TSK and draxin in the doubly heterozygous mice
(Fig. S2B and E) compared with the singly heterozygous mice (Fig.
S2A and D). These expression patterns of draxin and TSK in
strategic regions of the AC and CC imply that these molecules
may have a speciﬁc role in AC and CC formation.
TSK inhibits neurite outgrowth
We previously reported that draxin is a chemorepulsive
guidance protein. To address the guidance error that we observedin draxin/TSK doubly heterozygous mice, we examined whether
TSK has guidance activity for commissural axons in the forebrain.
We cultured cortical explants from wild-type E16.5 mouse
M. Hossain et al. / Developmental Biology 374 (2013) 58–7064embryos in collagen gel (Fig. 4A and B) in the presence of either
control medium (Fig. 4A) or TSK-conditioned medium (TSK CM)
(Fig. 4B). Neurite outgrowth from cortical explants was greatlyinhibited in TSK CM (Fig. 4B), whereas there was robust neurite
outgrowth in the control medium (Fig. 4A). When we replaced
TSK CM with fresh culture medium, we observed robust neurite
M. Hossain et al. / Developmental Biology 374 (2013) 58–70 65growth within 48 h from the explant shown in Fig. 4B and C. Thus,
the possibility that TSK may have caused cell death in this
experiment can be excluded, and the data conﬁrm the notion
that TSK does indeed function to inhibit neurite outgrowth.
Moreover, AON explants from wild-type E16.5 mouse embryo
were co-cultured with COS cell aggregates expressing mouse TSK
in three dimensional collagen gels. After 48 h in culture, neurites
extended radially from explants in control experiments (Fig. 4D
and F). In contrast, the number of neurites was signiﬁcantly
reduced from the explants facing towards the COS cell aggregates
expressing TSK (Fig. 4E and F). These differences were quantiﬁed
in Fig. 4F. The P/D (proximal/distal) ratio was determined by
dividing the number of neurites in the proximal site by that of
distal site in relation to the COS cell aggregate (Fig. 4F).
Next, we examined the effects of TSK CM on dissociated neurons.
We cultured AON and cortical dissociated neurons from E16.5 wild-
type mouse embryos on poly-L-lysine coated dishes in the presence
of either control medium (Fig. 4G, I, K and L) or TSK CM (Fig. 4H, J, K
and L). Neurons were ﬁxed and stained with an anti-b-tubulin
antibody. Then, we quantiﬁed the length of the longest neurite from
two individual neurons within a randomly selected ﬁeld using the
ImageJ software and quantiﬁed the average maximal length. Repre-
sentative ﬁgures show that TSK inhibited AON and cortical neurite
outgrowth (Fig. 4H, J, K and L) compared with the control (Fig. 4G, I,
K and L). Furthermore, we investigated the dose-dependency of the
effects of TSK on neurite outgrowth. To obtain this information, we
performed AON and cortical neurite outgrowth inhibition assays in
different concentrations (10 nM, 30 nM, 60 nM, and 100 nM) of TSK
CM. We found that TSK-mediated neurite outgrowth inhibition was
enhanced with increasing concentrations of TSK protein. At 100 nM,
TSK signiﬁcantly inhibited both AON and cortical neurite outgrowth
to 9% of control levels (Fig. 4K and L).
TSK protein directly binds to both AON and cortical axons
To test whether TSK inhibited axon outgrowth by directly
binding to the neurites, AON and cortical explants from wild-type
E16.5 mouse embryos were cultured in poly-L-lysine and laminin
coated dishes and incubated with TSK–AP fusion protein, and AP
protein alone was used as a negative control. We observed that
TSK–AP bound to the AON and cortical neurites (Fig. 5C, D, E and
F), whereas control AP protein did not bind to the AON or cortical
neurites (Fig. 5A, B, E and F).
Growth cone collapse is induced by TSK protein
Because bath application of TSK inhibited neurite outgrowth, it
is likely that the acute addition of TSK induces growth cone
collapse. To test this possibility, we seeded AON dissociated
neurons from E16.5 WT mouse embryos at a very low density
in dishes coated with poly-L-lysine and laminin. Sixty hours after
seeding, the neurons were incubated with TSK CM (100 nM) or
control medium alone for 1 h at 37 1C to induce collapse. The
neurons were stained with phalloidin-Al 568 to visualize theFig. 4. TSK inhibits neurite outgrowth from AON and cortical neurons. Cortical explants
of either control medium (A) or TSK conditioned medium (TSK CM) (B). After 48 h, the
within 48 h (C). AON explants from wild-type E16.5 mouse embryo were co-cultured
aggregate (D and E). Axons grew radially when co-cultured with mock transfected COS
were inhibited (E). The number of axons in proximal, P and distal, D in relation to the CO
in P site was divided by that of D to get the P/D ratio (F). Signiﬁcant repulsion was o
nnPo0.0001. AON and cortical dissociated neurons from E16.5 wild-type mouse embry
medium (G and I) or TSK-conditioned medium (H, J) for 40 h. Neurons were ﬁxed and
individual neurons within a randomly selected ﬁeld (n¼20 for each experiment) was qu
Quantiﬁcation of neurite outgrowth inhibition was conducted in 5 independent expe
inhibited neurite outgrowth in a dose-dependent manner (H, J, K, and L). nnPo0.0001
200 mm in D–E, 60 mm in G–J.growth cones. Representative pictures are shown in Fig. 6A and B.
We found that the growth cones in this culture system had a high
baseline level of collapse (33%) that was further increased (to
82%) after treatment with TSK (Fig. 6C). Taken together, these
data indicated that TSK might function as a repulsive axon
guidance molecule for subpopulations of neurons in vivo.
The effects of TSK and draxin on neurite outgrowth inhibition
are additive
Because we observed an inhibitory function of TSK on dis-
sociated neurons, we next asked whether the inhibitory function
of TSK is synchronized with the inhibitory function of draxin. To
address this issue, we cultured AON dissociated neurons from
E16.5 wild-type mouse embryos in the presence of either draxin-
conditioned medium (30 nM) (Fig. 7B), TSK CM (30 nM) (Fig. 7C)
or in a combination of draxin (30 nM) and TSK CM (30 nM)
(Fig. 7D). The mean average maximal axonal length was
95.373.7 mm in the control condition (Fig. 7A and E); this value
was reduced to 32.971.2 or 41.671.9 mm when AON neurons
were cultured in the presence of either TSK (Fig. 7C and E) or
draxin (Fig. 7B and E), respectively. Strikingly, we observed an
additive effect of the combination of TSK and draxin-conditioned
medium on neurite outgrowth inhibition (mean average maximal
axonal length¼10.370.7 mm). The combination of draxin and
TSK exaggerated the inhibition of neurite outgrowth by 69% and
75% of TSK-induced and draxin-induced inhibition, respectively
(Fig. 7D and E). These data indicated that the effects of TSK and
draxin were additive.Discussion
Our previous reports (Islam et al., 2009; Ito et al., 2010) show
that both draxin and TSK single mutant mice have malformations
of the AC and CC. The immunohistochemical analysis and DiI
labeling of the present study showed that the frequency of severe
malformation of both the AC and the CC were signiﬁcantly higher
in draxin/TSK doubly heterozygous mice compared with either
singly heterozygous. While examining the reasons for the pheno-
types observed in transheterozygotes, our study revealed a novel
function for TSK as a repulsive axon guidance molecule for AC and
CC axons. TSK inhibited the neurite outgrowth of dissociated AON
and cortical neurons in a dose-dependent manner. Moreover, TSK
and draxin showed an additive inhibitory effect on AON and
cortical neurite outgrowth. Taken together, our data demonstrate
that draxin and TSK function in concert to control the navigation
of AC and CC axons.
The genetic analyses presented in this study provide strong
support for the hypothesis that both TSK and draxin function in a
similar pathway to regulate AC and CC formation. In general,
reducing the gene dose by one copy reduces the protein produc-
tion by 50%, which causes little or no phenotypic effects. How-
ever, when the doses of two genes with protein products that
function together are simultaneously reduced, exacerbation of thefrom wild-type E16.5 mouse embryos were cultured in collagen gel in the presence
TSK CM was replaced by fresh culture medium. Robust outgrowth was observed
with mock transfected COS cell aggregate and mouse TSK transfected COS cell
cell aggregates (D), while co-cultured with TSK transfected cell aggregates, axons
S cell aggregate was counted (n¼10 for each group) and the total number of axons
bserved when explants were co-cultured with TSK compared with control cases.
os were cultured on poly-L-lysine coated dishes in the presence of either control
stained with anti-b-tubulin antibody. The length of the longest neurite from two
antiﬁed using the ImageJ software, and the average maximal length was measured.
riments (mean7SEM) (K and L). Compared with the control (G, I, K, and L), TSK
(P values were calculated by comparing with control). Scale bars¼300 mm in A–C,
Fig. 5. TSK protein binds to both AON and cortical axons. AON and cortical explants from wild-type E16.5 mouse embryos were cultured in poly-L-lysine-laminin-coated
dishes. Binding of TSK protein (TSK-AP) to AON and cortical neurites (A–D). Control-AP protein did not bind (A and B), whereas TSK-AP protein bound to the AON neurites
(C, D). 5 independent experiments were carried out to quantify the TSK-AP binding intensity to the neurites (error bar indicates mean7SEM) (E and F). Strong binding was
observed in case of TSK-AP (n¼10) compared with the control (n¼10). Scale bars¼120 mm in A–D. **Po0.0001.
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in the incidence of strong phenotypes in the transheterozygotes.
This effect may be one of the reasons why we observed higher
frequencies of AC and CC malformation in the draxin/TSK double
heterozygotes and homozygotes. The observation of such pheno-
typic severity in the double heterozygotes is reminiscent of earlier
studies (Artavanis-Tsakonas et al., 1995; Winberg et al., 1998;
Kidd et al., 1999; Strickland et al., 2006; Ahmed et al., 2011). This
genetic interaction provides strong evidence that draxin and TSK
function together to form the AC and CC.
Both draxin and TSK mRNA are highly expressed in the GW, IG,
anterior and posterior piriform cortex, olfactory bulb, AON and
areas surrounding the AC and CC. Guidance proteins for which the
knockout mice show agenesis of the forebrain commissures are
expressed in these regions (Lindwall et al., 2007). We previously
hypothesized that TSK might be involved in the navigation of AC
axons independently or might interact with the known guidance
molecules and/or their receptors and modulate their activity in
guiding the AC axons (Ito et al., 2010). In this study, we explored
these possibilities and found that TSK inhibits neurite outgrowth
from dissociated AON and cortical neurons in a dose-dependentmanner (Fig. 4). Although, TSK binds BMP and inhibits its activity
(Ohta et al., 2004), we found that TSK does not interact directly
with draxin rather it interacts with netrin. Therefore, it is unlikely
that these proteins modulate each other’s function directly.
Furthermore, the inhibition was additive when draxin and TSK
were present together compared with the presence of either
draxin or TSK protein alone. There is a possibility that both the
common and the independent functions of these two proteins are
essential for guiding AC and CC axons, and due to the reduction of
protein product, doubly heterozygous and homozygous mice
exhibited higher frequencies of malformations of the AC and CC
axonal tracts.
The combinatorial chemoattractive and chemorepulsive activ-
ities of guidance molecules contribute to the proper navigation of
the commissural axons. In situ hybridization of neonates has
revealed Sema3B expression in the SVZ and at the ventral levels.
Both in vivo analysis and functional assays suggest that ACa axons
are attracted by a dorsal source of Sema3B that emanates from
the SVZ (Julien et al., 2005). Netrin-1 mRNA distributions have
also been observed in the SVZ, along the paths of the commissural
axons and at the points where they cross the midline (Seraﬁni
Fig. 6. TSK protein induces growth cone collapse. AON neurons from WT mice
were treated with either control medium alone or 100 nM TSK for 1 h at 37 1C to
induce collapse and stained with phalloidin-Al 568 to visualize the growth cones.
Representative pictures are shown in A and B, and the quantiﬁed results are
shown in C. The data were obtained from ﬁve independent experiments, and, on
average, the growth cones of 50 neurons were counted in each group in each
experiment. The arrows in A and the arrowheads in B indicate the intact and
collapsed growth cones, respectively. The scale bars indicate 20 mm. The error bars
indicate means 7SEM. **Po0.0001.
M. Hossain et al. / Developmental Biology 374 (2013) 58–70 67et al., 1996). Wnt5a (Keeble et al., 2006) and TSK mRNA expres-
sion has also been detected in the SVZ. Thus, ACa axons might be
guided by the combined activity of a dorsal source of chemoat-
tractive Sema3B, chemorepulsive TSK, and Netrin-1 (through
either chemoattraction or chemorepulsion).
The functional activities of the guidance molecules and certain
factors (e.g., cell adhesion molecules) in the ventral forebrain are
essential for steering of the ACp. Repulsive cues, such as Sema3B
and Sema3F are expressed in the ventral forebrain during the
formation of the anterior commissure (Sahay et al., 2003; Julien
et al., 2005). Both draxin and TSK were also expressed in the
ventral forebrain, suggesting that ACp axons might also be guided
by draxin and TSK. Moreover, the expression of draxin and TSK
along the forebrain commissural axons suggests a role for these
molecules in the proper guidance of these axons.
The decussation of the commissural axons at the midline is
one of the critical events for the proper channeling of the
forebrain commissure. Although in neuron-speciﬁc Sema3F con-
ditional KO mice the decussation of the AC is largely disorganized,
a minuscule fraction of AC axons still cross the midline, indicating
that other guidance cues must be functional in this region (Sahay
et al., 2003). Indeed, anterior commissure defects have been
observed in netrin-1, Sema3F, Sema3B, Nrp2, plexin-A4, Rac1
(conditional), draxin and TSK mutant mice (Seraﬁni et al., 1996;
Chen et al., 2000; Sahay et al., 2003; Julien et al., 2005; Suto et al.,
2005; Kassai et al., 2008; Islam et al., 2009, Ito et al., 2010). The AC
midline crossing occurs in close association with the ependymal
layer of the third ventricle, and the AC is surrounded by a tunnel
of extracellular matrix molecules, glial cells, netrin, draxin andTSK that may provide cell contact guidance for AC ﬁbers (Pires-
Neto and Lent, 1993; Henkemeyer et al., 1996; Seraﬁni et al.,
1996; Cummings et al., 1997; Lent et al., 2005; Islam et al., 2009,
Ito et al., 2010, present work). Taken together, attractive and
repulsive double signaling may be needed to achieve ﬁne control
of axonal trajectories and may guide the progressive lateromedial
turning of AC ﬁbers that directs the tract toward the midline. A
simpliﬁed schematic diagram showing the different axon gui-
dance molecules that are responsible for formation of the AC is
shown in Fig. 8B.
Although netrin-1 and DCC mutant mice lack a CC and midline
cortical tissues and callosal axons express netrin-1 and DCC,
respectively, no direct evidence currently exists to support a role
for netrin-1/DCC signaling in the attraction of callosal axons
toward the midline (Seraﬁni et al., 1996; Fazeli et al., 1997;
Molyneaux et al., 2009; Izzi and Charron, 2011; Che´dotal, 2011).
However, Sema3C has been recently reported to be a midline
attractant for callosal axons (Niquille et al., 2009; shown in
Fig. 8A). The GW assists the guidance of callosal axons across
the midline by preventing their ventral growth into the septum,
and the IG is thought to act as a dorsal repulsive barrier for
callosal axons. These boundaries were thought to be due to
anatomical position and their expression of the repulsive gui-
dance molecules Slit2, Ephrins and draxin (Bagri et al., 2002; Shu
et al., 2003; Mendes et al., 2006; Islam et al., 2009). Interestingly,
TSK is also expressed in a zone similar to that of the above-
mentioned repulsive guidance molecules around the GW and IG
(Figs. 3F and 8A); that is, the strategic area of CC axon formation.
This observation suggests that TSK also has a guiding effect on CC
development. Because netrin-1, Sema3C, Slit, draxin and TSK are
secreted molecules, one could question whether and how they are
maintained close to their sources to establish a gradient strong
enough to be perceived by the growing commissural axons. One
possibility is that adjacent cellular or molecular barriers limit
their diffusion away from the midline. Similarly, the question of
what makes the callosal and commissural axons remain within
their tracts may be answered by the existence of organizing,
growth-inhibiting structures at the borders of these tracts that
may not only maintain diffusible molecules within the tracts but
also inhibit axonal deviation from the main path of growth. Glial
cells and their extracellular matrix (ECM) are good candidates for
this function because they form tunnels, lanes, or simply borders
around the AC (Pires-Neto et al., 1998; Lent et al., 2005) and the
CC (Shu and Richards, 2001; Lent et al., 2005), through which the
efferent ﬁbers grow. Both draxin and TSK are expressed in glial
cells. Furthermore, our previous studies have shown that draxin
has a high afﬁnity for basement membranes (Islam et al., 2009),
which are part of the ECM. Moreover, the SLRP family (of which
TSK is a member) participates in the organization of the ECM and
has important effects on cells (McEwan et al., 2006). Taken
together, the functions of both draxin and TSK are required to
form the commissural axons.
It is not yet clear why switching off a single ligand/receptor
complex is sufﬁcient to fully prevent the crossing of the commissural
axons, given the redundancy of chemorepulsive molecules and their
receptors. One possibility is that these repellents and their receptors
might share some common downstream signaling. For instance,
neucrin (an alternative name for draxin) and TSK bind to Wnt
receptor LDL receptor-related protein 6 (LRP 6) and Fzd4, respectively,
and both inhibit the Wnt signaling pathway (Miyake et al., 2009;
Ohta et al., 2011). Moreover, TSK binds to netrin and both draxin and
netrin share the common receptor, DCC. Thus, draxin and TSK might
exert their functions through a common downstream signaling
pathway. Alternatively, multiple signaling pathways might be
involved in commissural axon formation, and draxin and TSK could
follow independent pathways. Although DCC is one of the functional
Fig. 8. Draxin and TSK are essential for commissural axon guidance. The repulsive molecules draxin and TSK are expressed in the glial wedge (GW) and indusium griseum
(IG) along with other attractive (Sema3C) and repulsive (Slit2, Ephrin B) molecules in the surrounding area; together, these molecules guide the corpus callosum (CC) axons
(A). Both draxin and TSK are also expressed along the anterior commissure (AC) to help the AC axons navigate (B). Sema3B and netrin-1 are expressed in the dorsal part of
the anterior part of the AC (ACa), whereas netrin-1 is also expressed in the midline cells of the AC and envelops the midline of the AC. Sema3B acts as an attractive cue in
the ACa. Netrin-1 may also act as an attractive cue for the ACa at the midline of the AC, but there is no direct evidence for an attractive function of netrin-1 in this area.
Strong TSK expression is also observed at the midline of AC. Black and blue circles indicate draxin and TSK, respectively. 3V¼3rd ventricle.
Fig. 7. TSK and draxin inhibit neurite outgrowth in an additive manner. AON dissociated neurons from E16.5 wild-type mouse embryos were cultured on poly-L-lysine-coated
dishes in the presence of control medium (A), draxin-conditioned medium (30 nM) (B), TSK-conditioned medium (30 nM) (C), or draxin (30 nM) and TSK (30 nM) conditioned
medium (D) for 40 h. The neurites were stained with an anti-b-tubulin antibody, and the length of the longest neurite from two individual neurons within a randomly selected
ﬁeld (n¼20 for each experiment) was quantiﬁed using the ImageJ software. The combination of TSK and draxin inhibited neurite outgrowth more strongly (D and E) than either
TSK (C and E) or draxin alone (B and E). The quantiﬁcation of neurite outgrowth inhibition was conducted in 5 independent experiments (mean7SEM, **Po0.0001) (E).
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M. Hossain et al. / Developmental Biology 374 (2013) 58–70 69receptors for draxin that partially regulates the formation of the CC,
other receptors must be involved in mediating the function of draxin
in the formation of the AC and CC. Further research is necessary to
identify the functional receptors of both draxin and TSK that are
required for the formation of forebrain commissures and to elucidate
the downstream signaling components of draxin and TSK.Acknowledgments
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